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Pressure to replace fossil fuels in order to reduce CO2 emissions as well as the increased demand for energy have
resulted in more intensive harvesting of forests. The current harvesting practice is to heap the logging residues
rather than spread them on skid trails. However, little is known about the effects of modern harvesting techniques
on soil fertility and site productivity. The decomposition of and nutrient release from logging residues after clear-
cutting has recently been investigated in Finland, but the nutrient dynamics of logging residues after thinning and
especially in the residue heaps is less known.
In this study the mass loss of and nutrient release from logging residues were explored for three successive years
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structure on decomposition and nutrient dynamics. More specifically, the objectives were:
1) To examine how the position within the heaps affects the decomposition rate and nutrient dynamics of residue
fractions. It was hypothesised that the decomposition and the release of nutrients are greater under the residue heaps
than on top of the heaps and on the ground.
2) To identify temporal changes in decomposition and nutrient release over a 3-year period.
3) To determine how much N, P, K, Ca and Mg are released from logging residues during the first three years after
first thinning.
4) To assess whether it is more beneficial for nutrient cycling to concentrate the logging residues in heaps or to
spread them out from the standpoint of site fertility.
5) To assess the timing of harvest of logging residues in terms of their role in nutrient cycling of a stand.
The decomposition of Scots pine needles, twigs and branches was determined by measuring the mass loss with the
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than on the ground and on top of the heaps. Treatments did not have a significant effect on the decomposition of
twigs and branches. In the short-term, the logging residues were a minor source of N but a significant source of K.
The results indicate that in the short-term logging residues are insignificant for site productivity on sites where the
availability of N limits productivity. On peatland sites, where the availability of K limits productivity, logging
residues may be significant on site productivity. However, in the long-term logging residues may be an important
source of organic matter and nutrients.
Great proportion of nutrients was released from needles within the first year of decomposition. The rate of nutrient
release from needles was slightly faster from the heaps than on the ground over the first year. If residues are
collected for energy, heaping and removal after one year would result in more released nutrients than if they were
spread on the ground throughout the harvested stand. In order to avoid possible soil nutrient depletion and negative
effects on the growth of remaining trees, it can be preferable to leave residues in the stand after harvest and remove
branches after the needles have been shed.
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1 INTRODUCTION
1.1 Background
Pressure to replace fossil fuels in order to reduce CO2 emissions  as  well  as  the
increased demand for energy have created incentives to investigate new and as yet
unexploited sources of renewable energy. Until recently, the removal of logging
residues from stands in harvesting operations was not considered economically
feasible. However, the situation has now changed. The current harvesting practice is
to heap the logging residues rather than spread them on skid trails in order to prevent
soil compaction, but little is known about the effects of modern harvesting
techniques on soil fertility and long-term site productivity. Although collecting
logging residues from heaps is more efficient than collecting residues that are spread
evenly, the effect of heaping the logging residues on decomposition and nutrient
dynamics needs to researched.
In  the  light  of  current  practices  and  policies,  the  importance  of  wood as  a  potential
raw material in industrial energy production is evident. The theoretical maximum of
logging residue production is considered to be about 25 million m3 in Finland. Some
17 million m3 annually could be utilized for use in a technically and economically
feasible way (Korhonen et al. 2006). However, in 2006 only 3.4 million m3 of forest
chips were used in energy and heat production (Finnish Statistical Yearbook of
Forestry 2007). Approximately 60% of the forest chips utilized consisted of logging
residues, which were mainly branches and crowns collected in conjunction with clear
cuttings. Finland's National Forest Programme aims to increase the annual use of
forest chips to five million m3 by 2010 (Ministry of Agriculture and Forestry 2008),
which will most likely not be achieved in the light of current development. The
ambitious target level for 2015 is 8-12 million m3.
The increased role of logging residues in energy production can create co-benefits
for future wood production from the forest management perspective. Most of the
forests in Finland are in a young stage and require silvicultural work in order to
improve the quality of timber in regeneration fellings. However, according to the
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latest inventories, the estimated need for first thinnings in 2006-2015 is 2.2-fold
greater than the work performed in the previous decade (Ministry of Agriculture and
Forestry 2008). The deficit in the amount of thinnings is mainly due to the economic
unprofitability of first thinnings. Thus, as the demand for renewable energy has
increased, the possibility of utilizing small-diameter trees and logging residues from
early thinnings has become of special interest (Hakkila 1989, Siren et al. 2006).
Consequently, efforts to increase the use of renewable forms of energy have resulted
in more intensive harvesting of forests. Whole-tree harvesting (WTH), which
involves the removal of all the above-ground tree biomass from a site, is now being
practised as an alternative to stem-only harvesting in which the foliage, branches and
unmerchantable stem sections are left on site (Proe et al. 1996, Jacobson et al. 2000).
In the long-term, the removal of logging residues may acidify the soil and reduce tree
growth and soil nutrient pools (Mälkönen 1976, Kimmins 1977, Staaf and Olsson
1991, Merino et al. 2005). The decreased amount of soil organic matter may also
affect the temperature conditions, water-holding capacity and nutrient retention in the
soil (Olsson et al. 1996). For instance, in a study carried out in Scandinavia
(Jacobson et al. 2000), the growth in tree volume was found to be 5-6% lower during
the first 10-year period after the intensive removal of logging residues in first
thinnings of Scots pine stands. However, the effect of WTH in thinnings on the
growth of the remaining trees is both species- and stand-sensitive (Kukkola and
Mälkönen 1997). In the longer term, a negative growth response to excessive nutrient
removal might take place, especially in spruce stands (Mälkönen 1976, Kimmins
1977), since the dry mass of Norway spruce tree tops is two to three times greater
than that of Scots pine of a similar height and diameter (Hakkila 1991). The negative
growth effect of WTH may be expected to be more pronounced on dry and nutrient
poor sites, especially after thinnings (Weetman and Algar 1983, Hornbeck et al.
1990). Jacobson et al. (2000), however, did not find more severe growth reductions
after WTH on nutrient-poor sites.
The decomposition of Scots pine needles has been studied relatively extensively in
Fennoscandian forests (e.g. Staaf and Berg 1982, Berg and Staaf 1987). However,
relatively few studies have been conducted to find out at what rate and in what
amounts various elements are released from logging residues (Hyvönen et al. 2000).
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Moreover, little is known about the decomposition of roots and branches (Berg and
McClaugherty 2008). The decomposition of and nutrient release from logging
residues after clear-cutting has recently been investigated in Finland  (Palviainen et
al. 2004a, 2004b), but the nutrient dynamics of logging residues after thinning and
especially in the residue heaps is less known. In addition, little is known about the
magnitude and importance of mass loss and nutrient dynamics during winters.
During tree harvesting, the machine operator can control the felling direction and the
size and spatial distribution of the logging residue heaps. If the logging residues are
utilized for bioenergy, the timing of removal may affect the amount of nutrients
released  from  the  logging  residues  on  site  before  the  removal.  These,  in  turn,  may
affect the role of logging residues in the nutrient cycling of a stand.
1.2 Aims and hypothesis of the study
The main aim of this thesis is to study the effect of heaping of logging residues on
decomposition rate and associated nutrient release in a thinned Scots pine stand.
Logging residues are defined here as the branches and debris left on site after harvest
of timber, however, stump and root biomass are not included in the experiment.
More specifically, the objectives were:
1) To examine how the position within the heaps affects the decomposition rate and
nutrient dynamics of residue fractions. It is hypothesised that the decomposition and
the release of nutrients are greater under the residue heaps than on top of the heaps
and on the ground, because moisture and temperature conditions are more favourable
in the first mentioned.
2) To identify temporal changes in decomposition and nutrient release over a 3-year
period, particularly in winters.
3) To determine how much N, P, K, Ca and Mg (kg ha-1) are released from logging
residues during the first three years after first thinning.
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4) To assess whether it is more beneficial for nutrient cycling to concentrate the
logging residues in heaps or to spread them out from the standpoint of site fertility.
5) To assess the timing of removal of logging residues in terms of their role in
nutrient cycling of a stand.
2 FRAMEWORK OF THE STUDY
2.1 Decomposition as a process
In boreal coniferous forests the decomposition of litter is relatively slow and the
availability of nutrients to plants is low (Staaf and Berg 1982). Decomposition of
plant litter involves a complex set of physical, chemical and biological mechanisms
that transform organic matter into increasingly stable forms (Berg and McClaugherty
2008). As a result of degradation of structural organic components, water, heat and
mineral  nutrients  are  released,  and  majority  of  the  carbon  is  released  to  the
atmosphere as carbon dioxide (CO2) (Killham 1994). Furthermore, part of the litter
forms humus, where nutrients are stored, and organic acids, which in part are
responsible for weathering in the mineral soil, thus supporting the supply of plant
nutrients (Berg and McClaugherty 2008). In addition to weathering, decomposition
and humus formation are involved in controlled release of nutrients to the plant and
microbial communities, as well as the storage dynamics of carbon compounds (Berg
and McClaugherty 2008).
Decomposition is closely tied to nutrient cycling and is fundamental for the
regeneration of organically bound nutrients (Berg and McClaugherty 2008).
Nutrients such as nitrogen (N), phosphorus (P) and base cations (potassium (K),
calcium (Ca), magnesium (Mg) are released from plant detritus in various ways.
Much of decomposition is ultimately accomplished by aerobic metabolism which
involves ingestion and digestion, along with extracellurar enzymatic activity (Berg
and McClaugherty 2008). The most important decomposer organisms are fungi and
bacteria, which may be responsible for more than 95% of the decomposition in
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boreal  forest  soils  (Persson  et  al.  1980).  Soil  animals  regulate  the  structure  and
functioning of microbial communities by mixing decomposable material into the soil
and by fragmenting organic matter into smaller particles, thereby increasing the
surface area for microbes to attack (Setälä and Huhta 1990). However, the
contribution of soil animals to decomposition is considered to be low (Persson et al.
1980), thus, their relevance particularly in residue heaps is most likely insignificant.
Soil microorganism activity is influenced by climate, the chemical composition of
the material and decomposer community (Johansson 1994, Berg and McClaugherty
2008). Environmental factors, such as soil temperature, soil moisture and the
availability of nutrients, are therefore correlated to microorganism activities and litter
turnover rates (Berg and McClaugherty 2008). Nutrients limiting microbial activity
during initial stages of decomposition are effectively immobilized - assimilated to the
microbial biomass- and taken out of the general circulation for a while, thereby
temporarily reducing nutrient availability particularly in the case of nitrogen (Berg
and McClaugherty 2008). Furthermore, decomposing material can receive additional
nitrogen from rainwater, nitrogen fixation (Larsen et al. 1978, Barber and Van Lear
1984) and ammonium can also be absorbed straight into the litter (Gosz et al. 1973).
In addition, fungi can transport nutrients to the decomposing material from the soil
and further decomposed litter (Berg and Staaf 1981). As a result of these processes,
the absolute amount of certain nutrients in decomposing material can even increase
during decomposition (Berg and Staaf 1981, Edmonds 1987, Fahey et al. 1991b).
However, if nutrient availability does not limit microbial activity, nutrients can be
released at a rate that is proportional to the mass loss or even faster (Laskowski et al.
1995).
In addition to microbial activity, nutrient release in decomposable material is
affected by physical, chemical and biological processes. Physical fragmentation of
plant residues can be caused by wet-dry, shrink-swell, hot-cold and other cycles as
well as wind and even other plants (Berg and McClaugherty 2008). Repeated
freezing-thawing cycles can cause physical damages to plant litter and accelerate
decomposition since litter becomes more prone to decomposition (Taylor and
Parkinson 1988). Especially in late falls and early springs, when temperatures
fluctuate above and below zero degrees, repeated freezing and thawing result in
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fragmentation of plant litter, increased leaching and greater susceptibility of matter
for the attack of decomposing microbes (McBrayer and Cromack 1980). In addition,
freezing and thawing stimulate soil respiration and nitrogen mineralization (Soulides
and Allison 1961, Ivarson and Sowden 1970). While nutrients bound to woody
debris enter the soil through fragmentation, mechanical leaching and transport in
water delivers nutrients to the soil in soluble form (Kuehne et al. 2008). Furthermore,
plants can remove nutrients from litter through root uptake (Vogt et al. 1995) and
certain fungi are capable of withdrawing nutrients from wood via mycelial tissue
(Boddy and  Watkinson  1995)  or  extracting  them from the  substrate  (Harmon et  al.
1994).
Different elements have different patterns of release over time and elements are also
retained with varying strength in litter structures (Staaf and Berg 1982). As described
in previous paragraphs, some substances, particularly nutrients, are imported into the
decomposing substrate, and new organic compounds are synthesized during
decomposition (Berg and McClaugherty 2008). In the first stages of decomposition
some materials, such as sugars, low-molecular-weight phenolics, and certain
nutrients, especially potassium, are readily lost from litter through dissolution and
leaching, combined with the action of rapidly growing opportunistic microorganisms
(Berg and McClaugherty 2008). Larger macromolecules, such as cellulose,
hemicelluloses and lignin, degrade more slowly and dominate later decomposition
phases, respectively (Berg et al. 1982). Despite that individual processes may
dominate a particular stage of decomposition, any or all the processes may occur to
some extent throughout the decay continuum which has been observed in previous
studies (McClaugherty et al. 1985, Aber et al. 1990).
It is known that high concentrations of N, P and other nutrients and solutes in litter
enhance decomposition whereas lignin retards it (Berg and Staaf 1980, Melillo et al.
1982).  Furthermore,  low  C/N  and  C/P  ratios  and  sufficient  N/P  ratio  stimulates
decomposition (Johansson 1994, Berg and McClaugherty 2008). Coarse residues,
such as stumps and branches, have high proportions of resistant organic substrates,
low nutrient concentrations and high C/N and C/P ratios compared with fine residues
(foliage, fine roots), thus making them resistant to decomposition (Barber and Van
Lear 1984, Hyvönen et al. 2000, Berg and McClaugherty 2008). Consequently, the
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fine residues are the most important source of nutrients during first years after cutting
since the decomposition of coarse residues takes several years or even decades
(Hyvönen  et  al.  2000).  However,  in  the  long-term  coarse  residues  can  play  an
important role in nutrient dynamics (Hyvönen et al. 2000)
In naturally formed litter nutrients are withdrawn from senescing tissue to growing
tissues before litter shedding (Helmisaari 1995). Logging residues probably contain
higher concentrations of nutrients than litter and consequently can decompose faster
than litter (Johansson 1995). However, Berg et al. ( 1982) and Berg and Ekbohm
(1991) discovered that more nutrient-rich and initially fast decomposing green Scots
pine needles had lower mass-loss rates than brown needles during later stages of
decomposition.
2.2 Effect of heap structure on decomposition and nutrient release
The main environmental factors affecting the nutrient content of residues are
precipitation, canopy leaching, leaching of nutrients from residues and fungi uptake,
all of which can vary greatly whether the studied logging residue sample is placed
under or on top of the heaps or on the ground without heap structure. Thus, the
location of the decomposing residue has a profound effect on the functioning of
essential microbes in the nutrient cycle.
Soil moisture is relatively high under the heaps throughout the growing season due to
interception of precipitation and reduced transpiration (Rosén and Lundmark-Thelin
1987). Furthermore, nutrients are not only released from the slash itself (Rosén and
Lundmark-Thelin 1987, Emmett et al. 1991), but temperature conditions favour
decomposition process under the heaps of slash (Swift et al. 1979). As a consequence,
the mass loss of the residues may be greater under the heaps compared to other parts,
but, on the other hand, the release of nutrients may be slower because of reduced
leaching since the flow of water decreases toward the ground. However, in addition
that rainwater itself contains nutrients, it transports leached nutrients from the
residues above to the lower parts of the heaps. Consequently, the mass loss of and
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nutrient release from the residues are to some extent separated processes and can
have diverse rates in time.
Upper parts of the heaps receive nutrients from rainwater and canopy leaching.
However, exposure to solar radiation and wind may create less favourable conditions
for decomposing microbes and thus eventually decrease the decomposition rate.
Residues located on the top of the heap also lack ground contact, a fact which
probably hinders the ability of the soil decomposer community to reach the matter.
Furthermore, deposition from the atmosphere may result in increased nutrient
concentrations in residues, especially in the case of nitrogen which has been
observed in previous decomposition studies (Berg and Staaf 1981, Hyvönen et al.
2000, Palviainen et al. 2004b).
In areas free of logging residues the variation of soil surface temperatures is higher
than in areas covered with logging residues (Bjor 1972). In his study, Bjor (1972)
observed that the daily temperature variations decreased approximately 50 % under a
30 cm layer of logging residue. Thus, it is reasonable to suppose that the variations
are even smaller under the heaps of logging wastes (Rosén and Lundmark-Thelin
1987). In conclusion, based on the altering environmental conditions discussed in
this chapter, one could expect that the decomposition rate and nutrient release of
logging residues are most likely affected by the position of the logging residue
fractions within the heap.
2.3 Decomposition of logging residues in thinned stand compared to clear-
cut area
The harvest intensity within a stand affects greatly the forest floor microclimate and
the mineralization conditions (Jansson and Berg 1985). Hence, logging residues
presumably decompose and release nutrients at different rate after thinnings and
clear-cuttings. The average air and soil temperatures are higher and more rainfall
reaches the ground in clear-cut areas than in forests (Palviainen 2005). However,
episodic drought, high near-ground temperatures and fluctuations in soil moisture
and temperature can alter decomposer community and microbial activity, which may
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have a retarding effect on decomposition in clear-cut areas (Bååth 1980, Kubin and
Kemppainen 1991, Siira-Pietikäinen et al. 2001). Dryness can restrict decomposition
since the wind and direct solar radiation increase transpiration from the soil surface
after harvesting, thus resulting in temporal dryness in the litter and humus-layers
(Edwards and Ross-Todd 1983). However, drought more likely has a stronger effect
after clear-cuttings than thinnings where the remaining canopy coverage continues to
shade the forest floor.
The amount of produced logging residues depends on the developmental stage of the
tree stand and tree species involved (Palviainen 2005). Generally the amount of
above-ground residues remaining on site is two or three times greater after clear-
cutting a mature stand than after thinning a young stand (Hynynen 2001). Thus, due
to absence of uptaking vegetation in clear-cut areas, released nutrients from logging
residues are easily leached after harvesting. However, after thinning the increased
levels of nutrients in soil most likely result in increased uptake by trees, although
remaining trees probably have to compete with the field vegetation for released
nutrients particularly after WTH (Fahey et al. 1991a, Rolff and Ågren 1999).
3 MATERIALS AND METHODS
3.1 Study site
The experimental field was located on a 30-year-old stand of Scots pine (Pinus
sylvestris L.). The site was situated in Kannus, western Finland (63º N 55’, 24º 00’).
The mean effective temperature sum (threshold +5 °C) of the study site is 1000
degree days, the mean annual total precipitation is 577 mm, and the mean
precipitation sum from May to September is 280 mm. The elevation of the site is 100
m above sea level. The site was classified as low fertility Vaccinium type according
to Cajander (1949) and the soil type is Haplic Podzol.
At the beginning of the experiment in 2003, the site had a timber volume of 115 m3
ha-1 prior to first thinning. The removal was 40 m3 ha-1.The mean height of trees was
 10
11 m,  the  mean diameter  was  11  cm and  the  density  of  trees  was  2100 stems ha-1.
After  the  thinning,  the  density  of  the  trees  was  890  stems  ha-1.
The stand was harvested using three techniques: 1) Single-tree handling with whole-
tree harvesting 2) multi-tree handling at the strip road (stem-only harvesting), 3)
multi-tree handling at the stump (stem-only harvesting). The aim of the third method
was to leave the logging residues spread over the entire stand, and as a result the
residue cover was 12% of the area. In the method of multi-tree handling at the strip
road, the residue cover was 6% of the area. The amount of logging residues produced
by harvesting was 5600 kg/ha.
Table 1. Average monthly temperature (°C) and precipitation (mm) values for growth
seasons during the decomposition experiment in 2004-2006.
2004 2005 2006 2004 2005 2006
April 3.2 2.7 2.8 13 28 42
May 8.0 6.1 9.0 84 45 72
June 11.6 12.9 14.3 99 41 35
July 15.3 17.0 15.7 86 83 31
August 13.9 14.8 16.7 119 96 28
September 10.2 10.4 10.9 121 53 47
Temperature Precipitation
3.2 Decomposition experiment
Decomposition of Scots pine needles and branches was determined by measuring the
mass loss with the litterbag method. Fresh logging residues were collected from the
thinned stand by felling 15 randomly selected sample trees in September 2003. The
logging residues were   separated into needles, twigs (diameter ? 5 mm), and
branches (diameter > 5 mm; maximum diameter around 40 mm). Twigs and branches,
including bark, were cut into pieces 10-20 cm in length. The logging residue samples
were placed in nylon bags 21 x 15 cm or 30 x 21 cm in size. The larger bag was used
for braches.  The mesh size of the bags was 1.7 mm × 1.7 mm. A recorded mass of
each fraction, approximately 50 g of needles and twigs and 100 g of branches, was
placed in separate mesh bags.
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The experimental design was randomized blocks with nine treatments and six
replicates. The treatments included three logging residue fractions and three locations
of logging residue. The size of the blocks was 25 m × 50 m and in each block there
was four strip roads directed across the block. In each block there were around 50
heaps of logging residues of which six were randomly chosen as a location for
logging residue samples. A total of 594 bags of logging residue were randomly
placed on top of and under the heaps and on the ground next to the heaps at the
beginning of the experiment (Figures 1a and 1b).
The experiment started on 1-9 September 2003 after thinning and the retrieval of the
bags took place 7 times for three successive years mainly in spring and winter times
(11/2003, 5/2004, 8/2004, 11/2004, 5/2005, 11/2005, 11/2006). On each sampling
occasion, a total of 54 randomly chosen bags of logging residue from each of the
nine treatments were retrieved.
The data in the study is from research project ”Yield effects and profitability of
integrated energy and round wood harvesting in thinnings " carried out at the Finnish
Forest Research Institute in Kannus research unit.
Figure 1a. Litterbags placed on top of a heap at the beginning of the experiment (Photo by
Antti Wall, Metla)
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Figure 1b. Litterbags placed on the ground at the beginning of the experiment (Photo by Antti
Wall, Metla)
3.3 Nutrient analyses
The samples of logging residue were air-dried, ground and analyzed for their total
nutrient concentrations. Total P, K, Ca, and Mg were extracted by microwave
digestion in HNO3 + H2O2 solution and the extracts were analyzed using inductively
coupled  plasma  (ICP)  spectrophotometer.  The  N  concentration  of  the  samples  was
measured using the Kjeldahl method (Halonen et al. 1983). Dry mass content was
determined by drying subsamples at 105 ºC to constant weight. The initial dry mass
and contents of nutrients of each logging residue sample at the beginning of the
experiment was estimated based on the dry mass (dried at 105 °C) and nutrient
content of the subsamples taken from the logging residue before the litter bags were
filled.
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3.4 Calculation of nutrient release per unit area
The total biomass of logging residues produced in thinning (kg ha -1), and the
proportion of needles, twigs and branches in the residues was estimated by applying
allometric relationships developed by Hakkila (1991). Nutrient concentrations in
subsamples were used to calculate the initial amounts of nutrients at the beginning of
the experiment. The average values of remaining nutrients of the treatments as % of
initial were used to calculate the amount of released nutrients at the stand level over
three years (kg ha -1). The total amount of released nutrients was derived by
subtracting the remaining amounts of nutrients from the initial levels.
3.5 Statistical analyses
The influence of logging residue type and locations of residues on mass and contents
of nutrients remaining in litter bags over the entire 3-year period was tested by
repeated measures ANOVA. The data was analyzed by mixed linear models in where
the  remaining  mass,  N,  P,  K,  Ca  and  Mg  as  %  left  from  initial  were  used  as
dependent variables, logging residue type, location of residues and sampling time
were  used  as  fixed  effects  and  the  sample  plot  as  a  random  effect.  In  ANOVA  for
repeated measures the differences between the means were tested using Sidak’s test.
Differences between the means were considered statistically significant when p <
0.05.
Mixed model performs an analysis of variance and repeated measures analysis of
variance via covariance structure modeling. In this study, first-order autoregressive
covariance structure (AR1) was used in the analysis. Autoregressive assumes that
observations are related to their own past values. It indicates that observations taken
close  in  time  within  an  observation  unit  tend  to  be  more  highly  correlated  than
measurements taken far apart in time (Norus?is 2006). In other words, the
correlation between two measurements decreases exponentially as the length of time
between the measurements increases. In contrast to traditional repeated measurement
analysis, mixed model can process incomplete information in the case of missing
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values during the experiment without excluding the observation unit from the
analysis (Metsämuuronen 2008).
All statistical tests were done using SPSS 16.0 for Windows.
4 RESULTS
4.1 Mass loss from the logging residues
After three years the relative mass loss from needles was greater than twigs and
branches among the treatments (p < 0.001). However, there were no statistically
significant differences in mass losses between twigs and branches (p > 0.05,
Appendix 1).
The mass loss of the needles was greatest under the heaps, where approximately 73%
of the initial dry mass was lost by the end of the experiment, whereas on the ground
and on top of the heaps the mass losses were approximately 60%. The differences
between the treatments in mass loss rates during the study were statistically
significant (p < 0.001, Appendix 2).
Twigs lost 45% of their initial mass on the ground and 36% under the heaps. The
corresponding loss on top of the heaps was 34% (Figure 2). In the comparison of the
treatments, the decomposition rate of the twigs was greater on the ground (p < 0.05)
than under and on top of the heaps. No statistically significant difference in
decomposition rate was found between under and on top of the heaps (p > 0.05).
Branches lost approximately 30% of their initial mass under the heaps in three years,
whereas the respective losses on the ground and on top of the heaps were 37%. The
differences in mass loss rates among the treatments were not statistically significant
(p > 0.05).
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Figure 2. Remaining dry mass in needles, twigs and branches in three treatments as % of the
initial dry mass during 3 years of decomposition. Data are presented as means + SD (n=6)
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4.2 Accumulation and release of nutrients
4.2.1 Nitrogen
Initial  nitrogen  concentrations  were  highest  in  the  needle  fraction  and  lowest  in
branches (Figure 3). More specifically, concentrations in needles were almost double
those in twigs, and over four-fold higher than in branches. At the beginning of the
experiment, N concentrations increased with decomposition in all the logging residue
fractions. However, concentrations fluctuated during the experiment, especially in
branches. After three years, N concentrations were almost twice the initial levels in
needles, whereas in twigs and branches the rise was more moderate.
Nitrogen was initially retained in the needles, and a slight accumulation was
observed after half a year of decomposition before the release phase started. Over
three years, needles lost 52% of their initial N content under the heaps (Figure 4). On
the ground and on top of the heaps losses were 27% and 22%, respectively. The rate
of N release was significantly greater (p < 0.001) under the heaps than on the ground
and on top of the heaps, whereas no significance was detected between the latter
locations (p > 0.05).
Nitrogen was also accumulated in twigs, although the accumulation phase was longer
and greater than in needles. The release phase in twigs started after one year of
decomposition, when approximately 25% of the initial mass had been lost. The
greatest accumulation (17%) and release (27%) in twigs took place on the ground,
whereas 19% of N was lost under the heaps and 26% on top of the heaps after three
years. The differences between the treatments were not statistically significant (p >
0.05).
Greatest accumulation of nitrogen among the residue fractions occurred in branches,
in which the N content increased by up to 53% from the initial amount under the
heaps after only one month of decomposition. The corresponding values on the
ground and on top of the heaps, respectively, were 36% and 46%. The peak of
accumulation took place after half a year, when branches contained 85% more N
than initially on top of the heaps, whereas the values under the heaps and on the
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ground were 70% and 60%, respectively. The release of N did not start until the very
end of the third year. At that point, only 3% of the initial N content was released in
branches on top of the heaps and slightly more (5%) on the ground. The greatest loss
occurred under the heaps, where 18% of the initial N was lost. However, the
differences between the release rates were not significant (p > 0.05).
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Figure 3. Nitrogen concentrations (% of dry weight) in needles, twigs and branches in three
treatments during 3 years of decomposition. Data are presented as means + SD (n=6)
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Figure 4. Remaining nitrogen in needles, twigs and branches in three treatments as % of the
initial nitrogen content during 3 years of decomposition. Data are presented as means + SD
(n=6)
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4.2.2 Phosphorus
Initial phosphorus concentrations were highest in the needles and lowest in branches.
Concentrations in needles were more than double those in twigs, and four-fold higher
than in branches (Figure 5). At the beginning of the experiment, P concentrations
increased in all the residue fractions. After two years the concentrations in needles
started to decrease and eventually ended up lower than the initial levels. In twigs the
concentrations were greater after three years compared to initial values. In branches
there were no observed differences between the initial and final levels of P
concentrations.
In needles a slight accumulation of P was observed after half a year of decomposition.
The  release  rate  of  P  was  greatest  from  the  needles,  in  which  78%  of  the  initial  P
content was released under the heaps over three years of decomposition. The
corresponding values on the ground and on top of the heaps were 66% and 61%,
respectively. The differences in release rates between the treatments were statistically
significant (p < 0.05).
In  twigs,  30% of  the  initial  P  content  was  accumulated  under  the  heaps  and  on  the
ground in half a year. The accumulation was 12% lower on top of the heaps
compared to other treatments. The release phase started after one year in all the
treatments. The greatest release of P from the twigs occurred on the ground and on
top  of  the  heaps,  where  the  losses  were  approximately  42% of  the  initial  P  content
(Figure 6). The corresponding value under the heaps was 25%. In pairwise
comparisons the only significant difference was found between under and on top of
the heaps (p < 0.05).
Greatest accumulation of P occurred in branches, especially on top of the heaps,
where more than 80% of the initial content was accumulated in half a year. Under the
heaps  and  on  the  ground  accumulation  was  approximately  60%.  Like  in  twigs,  the
release phase started after one year of decomposition. In three years branches lost
31% of their initial P content under the heaps, whereas 29% was released on the
ground. Greatest release was observed on top of the heaps, where 34% of the initial P
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content was lost. Pairwise comparisons showed no statistically significant differences
between the treatments (p > 0.05).
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Figure 5. Phosphorus concentrations (mg/g) in needles, twigs and branches in three treatments
during 3 years of decomposition. Data are presented as means + SD (n=6).
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Figure 6. Remaining phosphorus in needles, twigs and branches in three treatments as % of the
initial phosphorus content during 3 years of decomposition. Data are presented as means + SD
(n=6)
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4.2.3 Potassium
The initial concentration of potassium was greatest in needles and lowest in branches.
At the beginning of the experiment, the concentration of K in needles was almost
double those in twigs, and over three-fold higher than in branches (Figure 7). Both
the concentration and the total amount of K decreased rapidly in needles. Throughout
the experiment the concentrations in the residues tended to be highest under the
heaps compared to other treatments.
Most of the potassium was lost already during the first year of the experiment. After
three years, needles had lost 94% of their initial amount of K under the heaps, which
greatly exceeded the concurrent loss in mass. Corresponding values on the ground
and on top of the heaps were 93% and 94%, respectively. During decomposition the
release rate of K was significantly greater from needles placed on the ground and on
top of the heaps than under the heaps (p < 0.05).
Twigs lost 67% of the initial amount of potassium under the heaps (Figure 8). On the
ground and on top of the heaps the losses, respectively, were 87% and 90%. The
release rate of K was significantly greater from twigs on top of the heaps than under
the heaps (p < 0.05).
Branches were the only residue fraction in which accumulation of potassium was
observed. Greatest accumulation (50% of the initial amount) occurred under the
heaps during first winter, where after the release phase started. Greatest losses of K
from branches took place on the ground and on top of the heaps, were 83% and 86%
of the initial amount was lost after three years, respectively. The corresponding value
under the heaps was 65%. The release rate of K was significantly greater on the
ground and on top of the heaps compared to under the heaps (p < 0.05). However, no
difference was detected between the former ones (p > 0.05).
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Figure 7. Potassium concentrations (mg/g) in needles, twigs and branches in three treatments
during 3 years of decomposition. Data are presented as means + SD (n=6).
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Figure 8. Remaining potassium in needles, twigs and branches in three treatments as % of the
initial potassium content during 3 years of decomposition Data are presented as means + SD
(n=6)
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4.2.4 Calcium
Concentrations of calcium increased in residue fractions during the decomposition.
However, concentrations fluctuated especially in branches, which had the lowest
initial concentrations (Figure 9). The greatest loss of Ca from the initial amount was
observed in needles placed under the heaps, where Ca content decreased 50%.
Corresponding value was 45% on the ground and 30% on top of the heaps. Greatest
accumulation  (20%)  in  needles  was  observed  on  top  of  the  heaps  after  10  months
from the beginning of the experiment. The release rate of Ca in needles was
significantly greater under the heaps and on the ground than on top of the heaps (p <
0.05). The statistical difference between under the heaps and on the ground was not
significant (p > 0.05). The release of Ca from needles occurred after one year of
decomposition.
Up to 35% from the initial amount of calcium was accumulated in twigs among the
treatments before the release phase started during the third year of decomposition.
After three years, 28% and 34% of the initial amount of Ca were lost from twigs
under the heaps and on the ground, respectively (Figure 10). The corresponding
value on top of the heaps was 31%. There were no significant differences in release
rates between the treatments (p > 0.05).
The greatest accumulation of calcium occurred in branches, which, after half a year
of decomposition, contained up to 50% more Ca than initially. Greatest proportion
(48%) of the initial amount of Ca was released from branches under the heaps after
three  years,  starting  during  the  first  year  of  decomposition.  However,  on  top  of  the
heaps the release phase did not start until the very last year. Calcium loss in branches
on the ground was 45% and 41% on top of the heaps. No significance was detected
between the release rates among the treatments (p > 0.05).
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Figure 9. Calcium concentrations (mg/g) in needles, twigs and branches in three treatments
during 3 years of decomposition. Data are presented as means + SD (n=6).
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Figure 10. Remaining calcium in needles, twigs and branches in three treatments as % of the
initial calcium content during 3 years of decomposition. Data are presented as means + SD
(n=6)
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4.2.5 Magnesium
Concentrations of magnesium were highest in needles and lowest in twigs and
branches, however, the differences were relatively small (Figure 11). Concentrations
tended to increase especially in needles, whereas in twigs and branches the rise was
more moderate and relatively short-term. However, visible fluctuations in time were
observed especially in the branches. After three years, Mg concentrations were close
to the initial levels in all residue fractions except in needles placed under and on top
of the heaps, where the values were higher than initially.
At the beginning of the experiment, magnesium was accumulated in twigs and
branches, whereas no accumulation was observed in needles. Greatest loss (62%) of
the initial Mg content after three years was observed in needles on the ground
(Figure 12). The corresponding values under the heaps and on top of the heaps were
60% and 40%, respectively. The release rate of Mg was significantly greater on the
ground  and  under  the  heaps  than  on  top  of  the  heaps  (p  <  0.01).  However,  no
difference was observed between the former locations (p > 0.05).
Smallest loss (31%) of magnesium occurred in twigs placed under the heaps. Over
three years, twigs lost 48% of their initial Mg content on the ground. The
corresponding  value  on  top  of  the  heaps  was  41%.  The  differences  between  the
treatments  were  not  statistically  significant  (p  >  0.05).  The  release  of  Mg  in  twigs
and branches began during the first year of decomposition.
Greatest accumulation (up to 60%) of magnesium occurred in branches placed under
and on top of the heaps. Unlike in twigs, the released amount of Mg from branches
was greatest under the heaps, where 49% of the initial content was lost after three
years. The corresponding values on the ground and on top of the heaps,  respectively,
were 46% and 44%. The differences between the treatments were not significant (p >
0.05).
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Figure 11. Magnesium concentrations (mg/g) in needles, twigs and branches in three
treatments during 3 years of decomposition. Data are presented as means + SD (n=6).
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Figure 12. Remaining magnesium in needles, twigs and branches in three treatments as % of
the initial magnesium content during 3 years of decomposition. Data are presented as means +
SD (n=6)
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4.3 Released nutrients per unit area
The relative loss of nitrogen, phosphorus, potassium and magnesium was greatest
from needles. However, branches lost more calcium and magnesium in absolute
terms (Table 2). The total nitrogen content of the logging residues in the study site
after thinning was 35 kg ha-1. Over three years, 9 kg ha-1 was lost from the residues,
in which needles share was more than 80%. The loss from twigs and branches was
less than 1 kg ha-1. Although branches contained more N in absolute terms than twigs
due to their greater share of biomass in logging residues, the relative loss was greater
from  twigs.  Similar  result  was  detected  in  phosphorus  release,  however,  the
difference is smaller than that of nitrogen. In three years, 2.2 kg ha-1 of  P  was
released from the residues, which is more than half of the initial amount. The release
from needles accounted almost 80% of the total loss. The total loss of potassium after
three years was 14 kg ha-1, which was almost 90% of the initial amount. The relative
loss of K was smallest from branches. Contrary to other nutrients, the initial amount
and relative loss of calcium were greater from branches than from needles and twigs.
Over three years, the amount of Ca decreased 5.6 kg ha-1, which accounts 42% of the
initial amount. The amount of released magnesium from the logging residues
accounted approximately 50% of the initial amount (4 kg ha-1). Although branches
lost relatively less Mg than needles, they quantitatively contained more at the
beginning and lost more Mg than needles and twigs.
 34
Table 2.  Initial nutrient contents (kg ha-1) of logging residues and change due to the release
of nutrients as kg ha-1 and as % of the initial amount after three years of decomposition.
Values are presented as means of the treatments.
Nutrient
Needles Twigs Branches Total
N Initial (Kg ha -1) 21.2 2.9 11.2 35.2
Change (Kg ha-1) -7.2 -0.7 -0.9 -8.8
Change % -34 -24 -9 -25
P Initial (Kg ha -1) 2.4 0.3 1.4 4.2
Change (Kg ha -1) -1.7 -0.1 -0.4 -2.2
Change % -69 -36 -31 -53
K Initial (Kg ha -1) 8.6 1.3 6.2 16.1
Change (Kg ha -1) -8.1 -1.0 -4.8 -13.9
Change % -94 -82 -78 -87
Ca Initial (Kg ha -1) 4.9 1.1 7.1 13.2
Change (Kg ha -1) -2.0 -0.4 -3.2 -5.6
Change % -42 -31 -45 -42
Mg Initial (Kg ha -1) 1.4 0.3 2.2 3.9
Change (Kg ha -1) -0.8 -0.1 -1.0 -1.9
Change % -54 -40 -47 -49
Fraction
4.4 Change in mass loss and nutrient dynamics over time
Greatest mass loss from the residues occurred already during the first year of
decomposition, in which for instance more than half of the initial mass in needles
was lost (Table 3). The corresponding values for two successive years are
substantially smaller, accounting only few percentages from the initial mass. In twigs
and branches the difference between the years is less pronounced. However, the
pattern is similar than in needles. Great decrease in the rate of decomposition can be
illustrated if the decomposition values of the first month and third year are compared:
the mass loss after one month somewhat equals the values of decomposition during
the entire third year in all the treatments.
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First  month  of  the  decomposition  was  of  importance  for  the  accumulation  of  some
nutrients, especially in branches. Thus, already after one month up to 50% of the
initial N, P, K and Mg content was accumulated in branches, mainly under the heaps
(Table  4).  The  corresponding  values  on  the  ground  after  one  month  are  clearly
smaller compared to the values in heaps. In twigs, the accumulation of nutrients was
smaller and in needles nonexistent. Furthermore, differences between the treatments
were less visible than in branches.
During the first winter nutrient contents, except that of K, increased in woody
residues. Furthermore, almost all Mg accumulated at the beginning was released over
first winter. On the second winter, N was the only nutrient where the accumulation
phase can still be detected in all residues. However, accumulation of other nutrients
continued also during the second winter in branches, and the only nutrient to be
released was K. During winters the extreme values, mainly greatest accumulation
and smallest release, tended to occur on top of the heaps. However, results are
somewhat ambiguous within and between the treatments and the residue fractions.
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Table 3.  Mass and nutrient losses from logging residues after 1, 2 and 3 years of decomposition. Data are presented as % change from the
initial mass or nutrient content.
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Needles under a heap -60 -6 -6 -26 -14 -12 -48 -19 -11 -76 -12 -6 -15 -12 -23 -31 -17 -11
on the ground -54 -10 4 -15 -15 2 -43 -25 2 -87 -6 1 -5 -30 -10 -28 -30 -4
on top of a heap -52 -5 -2 -19 2 -5 -44 -12 -5 -84 -7 -3 -10 -8 -12 -30 -11 0
Twigs under a heap -24 -9 -2 -15 4 -8 -17 -8 1 -35 -28 -5 10 -6 -32 -8 -16 -7
on the ground -27 -9 -8 -13 4 -18 -12 -16 -14 -60 -20 -7 12 -20 -25 -11 -23 -13
on top of a heap -25 -2 -7 -25 6 -7 -29 -11 -2 -60 -23 -8 7 -8 -30 -15 -13 -14
Branches under a heap -21 -1 -9 7 8 -33 -24 -1 -6 -24 -19 -23 -10 -3 -35 -27 -8 -14
on the ground -21 -6 -9 13 0 -18 -25 -2 -2 -42 -35 -6 -11 -19 -15 -24 -13 -9
on top of a heap -26 -1 -10 26 -21 -8 -2 -28 -4 -33 -40 -13 6 -28 -19 -4 -36 -4
Ca MgMass N P K
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Table 4.  Mass and nutrient losses from logging residues after 1 month and after the 1st and 2nd winter from the beginning of the experiment.
Data are presented as % change in the initial mass or nutrient content.
1 M 1st 2nd 1 M 1st 2nd 1 M 1st 2nd 1 M 1st 2nd 1 M 1st 2nd 1 M 1st 2nd
Needles under a heap -6 -7 -1 -2 7 2 -1 7 -2 -4 -7 -8 -7 16 -18 -1 -5 -5
on the ground -5 -7 0 -1 6 3 -4 8 0 -4 -9 -1 -3 13 -17 -1 -6 -6
on top of a heap -5 -4 4 -3 8 14 -6 12 10 -7 -6 -1 -3 12 -2 0 -7 5
Twigs under a heap -1 -2 0 1 8 0 2 25 -7 -6 -2 -23 16 17 0 18 -12 -12
on the ground -3 -6 -2 -2 19 6 4 29 -4 -11 -12 -13 5 26 -5 25 -20 -4
on top of a heap -3 -2 1 1 1 3 5 7 3 -9 -13 -9 13 21 -4 34 -39 5
Branches under a heap -9 4 5 53 16 13 49 9 3 51 -39 -12 11 36 5 58 -53 5
on the ground -11 4 -1 36 24 15 25 34 1 4 6 -20 -3 46 0 24 -28 0
on top of a heap -6 -3 3 46 39 18 35 50 5 35 -14 -5 20 30 6 57 -46 -3
Ca MgMass N P K
1 month 10-11/2003
1st winter 11/2003-05/2004
2nd winter 11/2004-5/2005
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5 DISCUSSION
5.1 Hypothesis of the study confirmed
The treatments in this study had no clear effects on the mass loss of logging residues
after three years, although the decomposition rates did somewhat alter during the
experiment. The hypothesis (decomposition and nutrient release are greatest under
the  heaps)  was  confirmed  only  with  needles,  for  which  the  mass  loss  and  nutrient
release was significantly faster under the heaps than on the ground and on top of the
heaps. In addition, the mass loss under the heaps (73%) exceeded the reported
decomposition range from previous studies (Hyvönen et al. 2000, Palviainen et al.
2004b).  Treatments  did  not  have  a  significant  effect  on  the  decomposition  of  twigs
and branches. In contrast to needles, the smallest nutrient release from twigs tended
to occur under the heaps. For branches, none of the treatments were more powerful
than  the  others,  except  for  K,  which  was  released  most  slowly  under  the  heaps.  A
more detailed discussion of the distinctions between nutrients and residue fractions is
presented in the following sections.
5.2 Decomposition of the residue fractions
In general, the observed mass losses were comparable with the findings for green
Scots pine needles (57-65%) and branches (25-40%) in decomposition studies
carried out in Scandinavia 3-4 years following clear-cutting (Hyvönen et al. 2000,
Palviainen et al. 2004b). The higher mass loss of needles compared to twigs and
branches can be related to the higher N and P concentrations, higher proportion of
soluble compounds and lower proportion of lignin (Voipio and Laakso 1992, Berg
and McClaugherty 2008). However, no significant difference was detected in mass
loss after three years between twigs and branches placed in the same treatments. This
result differs from previous decomposition studies in which thin branches have
normally been observed to decompose faster than thick branches (Hyvönen et al.
2000). This could be a consequence of internal differences in residue quality and
variation in the data that overcome the possible impact of the treatments. Needles
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and woody residues can also have different compositions of decomposer
communities  that  react  in  a  different  way  to  environmental  circumstances  and  thus
affect the rate of wood decay (Boddy and Watkinson 1995). Furthermore, altering
weather conditions and changing microtopography create site-specific environments
for decomposer communities, which most likely have an influence on the dissimilar
outcomes even from the same experimental area. For example, woody logging
residues could have remained wetter for longer after rainfall if left on the ground, and
the development of field vegetation, as well as the nitrogen content, in soil may
affect how decomposing organisms react to logging residues (Paavolainen 1999).
In  this  study  the  diameter  range  was  greatest  for  branches  (5-40  mm)  compared  to
the more homogeneous twig fraction (? 5 mm), which could have created additional
variation in the outcome, since the variability in decomposition rate decreases with
increasing substrate diameter (Hyvönen et al. 2000). Furthermore, if the upper limit
of diameter in twigs would have been greater, the differences in mass loss rates
between twigs and branches could have eventually been more pronounced. For
example, in their study Váv?ová et al. (2009) observed that the morphological
differences between twigs (diameter ? 10 mm) and branches (diameter > 10 mm)
were clearly reflected as differences in litter quality and in a great heterogeneity of
the material in decomposition. A potential reason behind this could be the higher
proportion of bark in thin branches that contain lower concentrations of holocellulose
and greater concentrations of nutrients and lignin compared to wood (Hyvönen et al.
2000).
Although decomposition is accelerated by nutrients as such, the process is far from
linear. For example, high nitrogen and lignin concentrations are found to impede
decomposition in the final stages (Berg and Staaf 1980, Melillo et al. 1982, Berg et al.
1991). In their study, Keyser et al. (1978) noted that of the nitrogen compounds, at
least ammonium and certain amino acids hinder the formation of degrading enzymes
in some fungal species. Thus, in accordance with previous observations, twigs
showed faster decomposition at the beginning of the experiment than branches.
There are signs that the activity of decomposers beneath the insulating snow cover
can be a more important factor in winter decomposition than the freezing-thawing
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cycle itself (Taylor and Parkinson 1988). Although part of the mass loss in winter is
due to leaching (Berg and Wessen 1984), the biological activity is also observed to
be significant (Taylor and Parkinson 1988). In accordance with previous findings,
changes in mass and nutrient dynamics during winters were also observed in this
study.
5.3 Accumulation and release of nutrients
5.3.1 Nitrogen
In decomposition the release of nitrogen is normally characterised by three phases:
leaching, accumulation and release (Berg and Staaf 1981, Barber and Van Lear
1984). These phenomena were also detected in this study, in which a visible leaching
phase from needles in all the three treatments was observed after one month from the
beginning of the decomposition. However, no similar leaching phase was observed
from twigs and branches, except from twigs on the ground, which could have been
susceptible to increased surface flow. Thus, in rainy periods, easily mobilised
nitrogen compounds such as amino acids could have been leached from the logging
residues. The first study summer in 2004 was particularly rainy, which probably
contributed to the increased release of nitrogen observed in subsequent
measurements (Table 1). However, it could also be possible that the decrease in the
amount of nitrogen was, at least partially, a consequence of fractions of nitrogen-rich
bark  being  fragmented  outside  of  the  litterbags,  especially  in  the  case  of  twigs.
Furthermore, increased moisture and leaching of soluble organic compounds from
residues may stimulate the activity of nitrifiying bacteria in the soil (Staaf and Olsson
1994). Thus, needles under the heaps in this study showed a greater release of
nitrogen compared with other treatments.
In several earlier studies, researchers have observed that the release of nitrogen from
logging residues during the first years after clear cuttings is minor or even
nonexistent (e.g. Palviainen 2005), which was also detected in this study. Possible
factors explaining the accumulation of nitrogen are deposition, transport from soil
into decaying wood by fungi or assimilation by wood decaying bacteria. The
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accumulation phase was longest in branches, which had the lowest nitrogen
concentration. This observation is in accordance with the findings reported by Laiho
and Prescott (2004), who discovered that the lower the initial nitrogen concentration
of the material, the longer is the immobilization phase and the accumulated amount
of nitrogen. In addition, dry periods, especially in summer of 2006, could have
restricted the activity of decomposers, particularly those on top of the heaps when
compared to more steady moisture conditions under the heaps.
Annual nitrogen deposition in Finland is relatively small in scale, especially if
compared to the values in Central Europe, and ranges from 3-6 kg  ha-1  in Southern
Finland and 2-3 kg ha-1 in Northern Finland (Vuorenmaa 2007). Such rates have
been observed to be too minor to significantly influence stand growth (Jacobson et al.
2000).  However,  in  theory,  the  annual  deposition  could  replace  the  loss  of  N  after
thinning, since the amount of N released from the residues after three years was 9 kg
ha-1. Nevertheless, trees can utilize only a part of the deposition; as approximately
half of the nitrogen deposition comes with snow, this nitrogen is leached to
watersheds and groundwater through snowmelt, since the nutrient uptake by plants
has not yet started (Helmisaari 1995).
In a managed 35-year-old pine stand the annual consumption of N in above-ground
tree biomass production is approximately 30 kg ha-1,  from  which  the  return  of  N
through litter accounts for 6 kg ha-1 and retranslocation 12 kg ha-1 (Helmisaari 1998).
Although the amount of N released from the residues is somewhat small in
comparison with the above-mentioned values in the stand nutrient balance, one
should keep in mind that after 3 years, 75% of the initial N content is still retained in
the residues.
5.3.2 Phosphorus
Phosphorus  often  limits  the  decomposition  of  coarse  woody  debris  and,  as  a
consequence, can be accumulated in coarse residues (Barber and Van Lear 1984,
Laiho and Prescott 2004). Thus, in this study the accumulation of P occurred in twigs
and particularly in branches which is also observed in previous studies (Hyvönen et
al. 2000, Palviainen et al. 2004b). However, unlike in previous decomposition
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studies carried out after clear-cuts, phosphorus was released from woody residues
already during the first year of the experiment.
High phosphorus concentrations are found to enhance leaching (Berg and Cortina
1995). Thus, the greatest release of P was observed in needles from which the
released amount after three years (69%, Table 4) exceeds the corresponding values
reported for Scots pine in studies at clear-cut sites (50%) (Palviainen et al. 2004b).
The greatest release of P from needles occurred under the heaps. In contrast to
needles, the release rate from twigs was slowest under the heaps. Most likely the
high proportion of bark in twigs has an influence on the outcome.
After three years in total of 2.2 kg ha-1 of  P  was  released  from  the  residues.  Pine
stand at the age of 35 consumes annually 4.3 kg ha-1 of P for above-ground tree
biomass production, in which 3 kg is taken from soil. Furthermore, annual return of P
in  litter  is  0.4  kg  ha-1 (Helmisaari 1998). Annual deposition of P is estimated to be
only 0.1 kg ha-1 (Piirainen 2002), which has been observed to be too minor to have a
significant impact on the stand nutrient balance. Phosphorus is not a growth limiting
nutrient on mineral soils. However, on organic soils P, along with K, limits the stand
productivity which can be impaired by the removal of logging residues (Wall 2008).
5.3.3 Potassium
Potassium is weakly bound to organic structures in plant tissue but is rather present
in plant residues as highly watersoluble salts (Taiz and Zeiger 2006). Therefore, K is
easily mobilized by mechanical leaching without microbial activity (Tukey 1970)
which  results  in  relatively  fast  cycle  (Helmisaari  1995,  Ukonmaanaho  and  Starr
2001). Most of the K was released already during the first year from needles that also
had the highest initial concentration. This observation is in agreement with the
findings by Laskowski et al. (1995), who discovered that the higher the K
concentration, the faster it decreases and the more K is released. In coarse woody
debris K concentration initially remains constant or declines, but may increase during
decay (Laiho and Prescott 2004), which was also detected in this study. After three
years 87% of the initial amount of K was released from the logging residues. Similar
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results have reported in the literature, which show that 80-90% of the initial amount
of K in logging residue is lost over first years after clear-cuttings in conifer forests
(Fahey et al. 1991b, Palviainen et al. 2004a).
The release rate of potassium was slowest under the heaps among the residue
fractions  which  is  most  likely  a  result  of  reduced  flow  of  water  in  heap  structures.
Furthermore, leaching of K from upper parts of the heaps could have contributed in
the result. Potassium was accumulated in branches on first year which is not detected
in previous decomposition studies. Most likely the divergence between the studies
stems from altering sampling periods. In this study samples were taken several times
a year which enables to observe nutrient dynamics in greater details compared to
once a year sampling in previous studies. Possible factors behind the observed
accumulation can be deposition and transport from soil via fungi hyphae.
After three years 14 kg ha-1 of  potassium  was  released  from  the  residues.  The
estimation of annual consumption of K for above-ground tree biomass production in
a young intermediate stand is 17 kg ha-1 (Helmisaari 1998). Furthermore, trees take
13 kg ha-1 of K from soil whereas the return in litter is less than 1 kg ha-1. Annual K
deposition is estimated to be 1 kg ha-1 in Finland (Ruoho-Airola et al. 2003), thus,
the significance of deposition in the stand nutrient balance is minor. More important
source of K in forest ecosystems is mineral weathering, which can be two to three
times greater than that of annual deposition (Starr et al. 1998).
5.3.4 Calcium
The release of calcium is slow since it is mainly incorporated in cell wall structures
as pectate, which degrades in the very final stages of decomposition (Taiz and Zeiger
2006). Thus, the release of Ca is linked to the rate of mass loss and depends mostly
on  the  activity  of  decomposing  microbes.  In  addition,  some  Ca  can  be  lost  via
leaching, however, a lesser degree than for K (Staaf and Berg 1982, Ukonmaanaho
and Starr 2001).
The  accumulation  of  calcium was  greatest  in  branches.  Wet  and  dry  deposition  are
external sources of Ca which may partly explain the observed accumulation,
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however, annual Ca deposition is estimated to be only 0.3-2 kg ha-1 in Finland
(Ruoho-Airola et al. 2003). Calsium has a positive effect on lignin degradation and
growth of certain fungi species (Johansson 1994). Thus, fungi can possibly transport
Ca into the lignin-rich branch material and accumulate it in decomposing wood as
oxalate salts (Cromack Jr. et al. 1975, Voipio and Laakso 1992, Connolly and
Jellison 1995). Effective retention of Ca in woody litter has also been reported in
previous studies (e.g. Abbott and Crossley 1982, Edmonds 1987, Palviainen et al.
2004a).
In earlier studies calcium losses from needle litter have observed to be 40-50% in
four years in pine and spruce stands (Staaf and Berg 1982, Fahey et al. 1991b). In a
study of nutrient release from fresh logging residues after clear-cutting by Palviainen
et al. (2004a), 59% of the initial amount of Ca was lost from pine needles after three
years, which exceeds the observed value in this study (42%). However, even greater
difference  is  detected  in  branches  that  lost  more  Ca  than  needles,  whereas  in  their
study Palviainen et al. (2004) did not observe net release from branches.
In  total  of  5.6  kg  ha-1 of calcium was released from the residues after three years,
which equivalents to the annual return of Ca through litter in managed pine stand at
the age of 35. The annual consumption of Ca is approximately 8 kg ha-1 (Helmisaari
1998), whereas the estimates of Ca release through weathering in forest soils ranges
from 3.5 to 5 kg ha-1 a-1 (Starr et al. 1998)
5.3.5 Magnesium
Like potassium, magnesium is not a structural part of litter and is susceptible to
leaching (Taiz and Zeiger 2006). Staaf and Berg (1982) observed that the release of
Mg, and K as well, from needle litter started from the beginning of decomposition
and continued at the same rate with mass loss, which is also detected in this study.
However, the connection between the mass loss and the release of Mg was less
connected especially in the heap structures. The losses of Mg and mass were more
interconnected on the ground, which probably best corresponds to the findings from
traditional litter decomposition studies carried out on forest floor.
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In several decomposition studies most of the Mg has observed to be lost from needle
litter after 4 years of decomposition (Berg and Staaf 1980, Staaf and Berg 1982,
Fahey  et  al.  1991b).  In  this  study,  the  released  amount  of  Mg after  three  years  was
smaller, accounting somewhat half of the initial amount. However, the greatest loss
in needles, and thus meeting best the values of previous studies, occurred on the
ground. This observation might be explained by the similarity in study settings, as
already discussed in previous paragraph. In twigs and branches differences between
the treatments were not detected.
Up to 50% of the initial amount of magnesium was accumulated in branches at the
beginning of the experiment, especially under and on top of the heaps. Additional
Mg could have come from the atmosphere. However, annual Mg deposition in
Finland is estimated to be extremely low, only 0.1-0.8 kg ha-1 (Ruoho-Airola et al.
2003). Thus, much of the accumulation is carried out by the activity of decomposers.
After three years, 2 kg ha-1 of Mg was lost from the residues. In comparison with a
nutrient balance, a 35-year-old pine stand is estimated to consume 3.4 kg ha-1 of Mg
annually for above-ground tree biomass production (Helmisaari 1998). The return of
Mg through litter accounts for 0.5 kg ha-1 which approximately equals the annual
loss observed in this study. However, more important process behind Mg availability
is the release through weathering which in forest soils is estimated to range from two
to five kg ha-1 a-1 (Starr et al. 1998).
5.4 Silvicultural implications
Great  proportion  of  nutrients  was  released  from  needles  within  the  first  year  of
decomposition. In order to avoid possible soil nutrient depletion and negative effects
on the growth of remaining trees, it can be preferable to leave residues in the stand
after harvest and remove branches after the needles have been shed. However, there
are  significant  differences  between  the  nutrients  and  their  release  patterns.  For
example, in the case of calcium, the greatest release from twigs and branches
occurred after first year of the decomposition. Hence, since the initial pool of Ca in
woody residues was greater than that of needles, the boundary of optimal removal is
less argued. In practice, the threshold for harvesting of logging residues might not be
 46
of importance for the availability of P, K, Ca and Mg, all of which mainly become
available to plant uptake in boreal forest ecosystems by weathering (Helmisaari
1998).
In  the  short-term,  the  logging  residues  were  a  minor  source  of  N  but  a  significant
source of K. Thus, the results indicate that in the short-term logging residues are
insignificant  for  site  productivity  on  sites  where  the  availability  of  N  limits
productivity. In contrast, on peatland sites where the availability of K limits
productivity, logging residues may be significant on site productivity (Wall 2008).
However, given the long-term pattern of decomposition rate and the rate of nutrient
release, logging residues may be a long-term source of organic matter and nutrients
(Egnell and Leijon 1997).
The rate of nutrient release from needles was slightly faster from the heaps than on
the ground over the first year. Therefore, if residues are collected for energy, heaping
and removal after one year would result in more released nutrients than if they were
spread on the ground throughout the harvested stand. On the other hand, if residues
are heaped, remaining trees adjacent to heaps may receive more nutrients than trees
located further away. In the long-term this may result in imbalanced nutrient
condition between the trees.
5.5 Reliability of the results
The litterbag method was used in this study in order to explore the decomposition
and nutrient release from logging residues. This method is commonly used in studies
in  ecology  (Prescott  2005).  It  measures  the  loss  in  mass  that  results  from  different
processes involved in decomposition, including degradation, leaching and respiration
(Palviainen 2005). However, there are several factors that may affect the outcome,
such as different moisture conditions inside than outside the bag, ingrowing roots and
the exclusion of decomposers larger than the mesh sizes (Prescott 2005). Although,
microorganisms, which mainly carry out the decomposition process, would have
been able to penetrate the mesh size used in this study since mesh sizes up to 2.0 mm
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have not been found to result in differences in observed mass losses of Scots pine
needles (Johansson 1986).
During the decomposition dry weight tended to increase at certain measurement
points especially in branches. However, this should not be a realistic phenomenon to
occur. Mass of plant residues constantly decreases in time since there are no
exogenous factors that could explain increase in mass, unless additional material is
drifted outside into the litterbags. On the other hand, plant material could also have
drifted out from the litterbags and thus skewed the results. Furthermore, high
standard variation in data, especially in the branch fraction, could have created
distortion in the study.
6 CONCLUSIONS
In this study the decomposition and nutrient release of logging residues were
explored for three successive years after first thinning of a Scots pine stand. The
main objective was to identify the effects of heap structure on decomposition and
nutrient dynamics. In accordance with the original hypothesis, nutrient release and
decomposition were greatest under the heaps, but only in the case of needles. For
woody residues, treatments did not have a significant influence on decomposition or
nutrient release.
The results show that the short-term impacts of the removal of logging residues on
nutrient dynamics are complex and difficult to interpret in terms of site productivity.
However, the results from this study indicate that the heaps of logging residues are a
minor source of N but a significant source of K entering the soil. Thus, in the short-
term, the harvesting of logging residues most likely would not impair site
productivity on sites where the availability of N limits productivity, a conclusion
which has been stated in previous studies as well (Wall 2008).
Heaping of logging residues was found to accelerate nutrient release from needles.
Therefore, if logging residues are harvested for bioenergy, the timing of removal
affects the amount of nutrients released from the logging residues on site before the
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removal. Heaping combined with delayed removal of logging residues could result in
increased leaching losses, although, in the case of K, heaping can by contrast reduce
its release from woody residues due to decreased flow of water in the heap structures.
Hence, harvesting of logging residues especially following clear-cutting can be a
means of reducing potential leaching of nutrients from a site (Wall 2008). After
thinnings the risk of nutrient leaching from logging residue heaps is most likely
minor due to uptake by remaining vegetation.
As this study was conducted in one experimental site composed of only one tree
species, broad generalizations cannot be drawn. However, the result provides new
information about the influence of heap structure on nutrient dynamics. From the
viewpoint of sustainable forest management, it might be insufficient in the long run
to focus merely on possible impacts of logging residues on nutrient availability. For
instance, in the boreal region logging residues might be of importance for
functioning of microbial communities and physical properties of the soil. Hence, the
removal of residues can have detrimental effects on nutrient availability and
accumulation of soil organic matter. In order to gain a more complete picture of
nutrient pools and their availability, the removal of stump and root biomass need to
be included in research, since they form a substantial source of nutrients and organic
matter in forest ecosystems.
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APPENDIX 1
Statistical differences of decomposition rates between the residue fractions per
treatment. The mean difference is significant at the 0.05 level.
Decomposition of the residue fractions in Treatment 1: Under the heap
95% Confidence Interval
Sample Sample
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
Twigs -37,1667* 4,6240 ,000 -49,583 -24,750Needles
Branches -42,5000* 4,6240 ,000 -54,917 -30,083
Needles 37,1667* 4,6240 ,000 24,750 49,583Twigs
Branches -5,3333 4,6240 ,606 -17,750 7,083
Needles 42,5000* 4,6240 ,000 30,083 54,917Branches
Twigs 5,3333 4,6240 ,606 -7,083 17,750
Decomposition of the residue fractions in Treatment 2: On the ground
95% Confidence Interval
Sample Sample
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
Twigs -15,8333* 2,9969 ,000 -23,618 -8,049Needles
Branches -23,5000* 2,9969 ,000 -31,284 -15,716
Needles 15,8333* 2,9969 ,000 8,049 23,618Twigs
Branches -7,6667 2,9969 ,054 -15,451 ,118
Needles 23,5000* 2,9969 ,000 15,716 31,284Branches
Twigs 7,6667 2,9969 ,054 -,118 15,451
Decomposition of the residue fractions in Treatment 3: On top of the heap
95% Confidence Interval
Sample Sample
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
Twigs -25,5000* 2,3262 ,000 -31,542 -19,458Needles
Branches -22,8333* 2,3262 ,000 -28,876 -16,791
Needles 25,5000* 2,3262 ,000 19,458 31,542Twigs
Branches 2,6667 2,3262 ,502 -3,376 8,709
Needles 22,8333* 2,3262 ,000 16,791 28,876Branches
Twigs -2,6667 2,3262 ,502 -8,709 3,376
APPENDIX 2
The statistical significance of differences in decomposition and nutrient release rates
between the treatments in needles, twigs and branches. Treatment 1: under the heap,
Treatment 2: On the ground, Treatment 3: On top of the heap.
NEEDLES
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 -5,984* ,902 29,128 ,000 -8,270 -3,6981
3 -9,798* ,898 28,662 ,000 -12,076 -7,521
1 5,984* ,902 29,128 ,000 3,698 8,2702
3 -3,815* ,902 29,128 ,001 -6,100 -1,529
1 9,798* ,898 28,662 ,000 7,521 12,0763
2 3,815* ,902 29,128 ,001 1,529 6,100
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Dry mass.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 -9,796* 1,470 36,217 ,000 -13,476 -6,1151
3 -11,682* 1,458 35,512 ,000 -15,336 -8,027
1 9,796* 1,470 36,217 ,000 6,115 13,4762
3 -1,886 1,470 36,217 ,503 -5,566 1,794
1 11,682* 1,458 35,512 ,000 8,027 15,3363
2 1,886 1,470 36,217 ,503 -1,794 5,566
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: N.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 -2,464 1,127 36,659 ,102 -5,285 ,3561
3 -5,648* 1,119 35,959 ,000 -8,451 -2,846
1 2,464 1,127 36,659 ,102 -,356 5,2852
3 -3,184* 1,119 36,002 ,022 -5,986 -,381
1 5,648* 1,119 35,959 ,000 2,846 8,4513
2 3,184* 1,119 36,002 ,022 ,381 5,986
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
*. The mean difference is significant at the ,05 level.
b. Dependent Variable: P.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 4,442* 1,164 24,433 ,002 1,460 7,4241
3 3,269* 1,158 24,025 ,028 ,297 6,241
1 -4,442* 1,164 24,433 ,002 -7,424 -1,4602
3 -1,173 1,164 24,433 ,690 -4,155 1,809
1 -3,269* 1,158 24,025 ,028 -6,241 -,2973
2 1,173 1,164 24,433 ,690 -1,809 4,155
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: K.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 -4,617 2,090 33,085 ,099 -9,872 ,6381
3 -10,215* 2,078 32,506 ,000 -15,445 -4,985
1 4,617 2,090 33,085 ,099 -,638 9,8722
3 -5,598* 2,090 33,085 ,034 -10,853 -,343
1 10,215* 2,078 32,506 ,000 4,985 15,4453
2 5,598* 2,090 33,085 ,034 ,343 10,853
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
*. The mean difference is significant at the ,05 level.
b. Dependent Variable: Ca.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 ,519 1,574 30,568 ,983 -3,457 4,4951
3 -5,830* 1,564 29,981 ,002 -9,785 -1,875
1 -,519 1,574 30,568 ,983 -4,495 3,4572
3 -6,349* 1,574 30,568 ,001 -10,325 -2,373
1 5,830* 1,564 29,981 ,002 1,875 9,7853
2 6,349* 1,574 30,568 ,001 2,373 10,325
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
*. The mean difference is significant at the ,05 level.
b. Dependent Variable: Mg.
TWIGS
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 3,770* 1,358 26,386 ,030 ,308 7,2311
3 -1,239 1,358 26,386 ,750 -4,701 2,223
1 -3,770* 1,358 26,386 ,030 -7,231 -,3082
3 -5,009* 1,358 26,386 ,003 -8,471 -1,547
1 1,239 1,358 26,386 ,750 -2,223 4,7013
2 5,009* 1,358 26,386 ,003 1,547 8,471
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Dry mass.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 ,327 2,631 37,791 ,999 -6,246 6,9001
3 6,477 2,631 37,791 ,055 -,096 13,049
1 -,327 2,631 37,791 ,999 -6,900 6,2462
3 6,150 2,631 37,791 ,073 -,423 12,723
1 -6,477 2,631 37,791 ,055 -13,049 ,0963
2 -6,150 2,631 37,791 ,073 -12,723 ,423
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: N.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 1,387 3,185 31,514 ,963 -6,644 9,4171
3 8,981* 3,163 30,931 ,024 ,999 16,963
1 -1,387 3,185 31,514 ,963 -9,417 6,6442
3 7,594 3,163 30,931 ,066 -,388 15,577
1 -8,981* 3,163 30,931 ,024 -16,963 -,9993
2 -7,594 3,163 30,931 ,066 -15,577 ,388
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
*. The mean difference is significant at the ,05 level.
b. Dependent Variable: P.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 18,018* 2,780 29,938 ,000 10,989 25,0471
3 16,679* 2,780 29,938 ,000 9,650 23,708
1 -18,018* 2,780 29,938 ,000 -25,047 -10,9892
3 -1,340 2,780 29,938 ,951 -8,369 5,690
1 -16,679* 2,780 29,938 ,000 -23,708 -9,6503
2 1,340 2,780 29,938 ,951 -5,690 8,369
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: K.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 3,118 4,464 30,205 ,868 -8,166 14,4011
3 1,137 4,464 30,205 ,992 -10,146 12,421
1 -3,118 4,464 30,205 ,868 -14,401 8,1662
3 -1,981 4,464 30,205 ,961 -13,264 9,303
1 -1,137 4,464 30,205 ,992 -12,421 10,1463
2 1,981 4,464 30,205 ,961 -9,303 13,264
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Ca.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 3,799 2,501 31,419 ,361 -2,509 10,1061
3 ,643 2,501 31,419 ,992 -5,665 6,950
1 -3,799 2,501 31,419 ,361 -10,106 2,5092
3 -3,156 2,501 31,419 ,519 -9,464 3,152
1 -,643 2,501 31,419 ,992 -6,950 5,6653
2 3,156 2,501 31,419 ,519 -3,152 9,464
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Mg.
BRANCHES
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 3,015 1,477 35,254 ,139 -,687 6,7171
3 2,945 1,477 35,254 ,153 -,757 6,647
1 -3,015 1,477 35,254 ,139 -6,717 ,6872
3 -,070 1,477 35,254 1,000 -3,772 3,631
1 -2,945 1,477 35,254 ,153 -6,647 ,7573
2 ,070 1,477 35,254 1,000 -3,631 3,772
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Dry mass.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 1,788 7,539 30,827 ,994 -17,244 20,8201
3 -6,692 7,539 30,827 ,764 -25,724 12,340
1 -1,788 7,539 30,827 ,994 -20,820 17,2442
3 -8,480 7,539 30,827 ,610 -27,512 10,552
1 6,692 7,539 30,827 ,764 -12,340 25,7243
2 8,480 7,539 30,827 ,610 -10,552 27,512
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: N.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 4,850 6,850 29,808 ,863 -12,477 22,1771
3 -4,788 6,850 29,808 ,867 -22,115 12,539
1 -4,850 6,850 29,808 ,863 -22,177 12,4772
3 -9,638 6,850 29,808 ,428 -26,965 7,689
1 4,788 6,850 29,808 ,867 -12,539 22,1153
2 9,638 6,850 29,808 ,428 -7,689 26,965
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: P.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 24,016* 4,528 32,763 ,000 12,623 35,4091
3 13,470* 4,557 33,377 ,017 2,017 24,924
1 -24,016* 4,528 32,763 ,000 -35,409 -12,6232
3 -10,546 4,557 33,377 ,079 -21,999 ,908
1 -13,470* 4,557 33,377 ,017 -24,924 -2,0173
2 10,546 4,557 33,377 ,079 -,908 21,999
Based on estimated marginal means
*. The mean difference is significant at the ,05 level.
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: K.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 2,337 4,607 32,074 ,943 -9,267 13,9421
3 -8,318 4,607 32,074 ,222 -19,922 3,287
1 -2,337 4,607 32,074 ,943 -13,942 9,2672
3 -10,655 4,607 32,074 ,080 -22,259 ,950
1 8,318 4,607 32,074 ,222 -3,287 19,9223
2 10,655 4,607 32,074 ,080 -,950 22,259
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Ca.
Pairwise Comparisonsb
95% Confidence Interval for
Differencea
(I)
Treatm
ent
(J)
Treatm
ent
Mean
Difference (I-J) Std. Error df Sig.a Lower Bound Upper Bound
2 6,209 5,002 26,194 ,535 -6,547 18,9651
3 -3,733 5,002 26,194 ,844 -16,488 9,023
1 -6,209 5,002 26,194 ,535 -18,965 6,5472
3 -9,942 5,002 26,194 ,163 -22,697 2,814
1 3,733 5,002 26,194 ,844 -9,023 16,4883
2 9,942 5,002 26,194 ,163 -2,814 22,697
Based on estimated marginal means
a. Adjustment for multiple comparisons: Sidak.
b. Dependent Variable: Mg.
